NK cells are innate lymphocytes with important roles in immunoregulation, immunosurveillance, and cytokine production. Originally defined on the functional basis of their "natural" ability to lyse tumor targets and thought to be a relatively homogeneous group of lymphocytes, NK cells possess a remarkable degree of phenotypic and functional diversity due to the combinatorial expression of an array of activating and inhibitory receptors. Diversification of NK cells is multifaceted: mechanisms of NK cell education that promote self-tolerance result in a heterogeneous repertoire that further diversifies upon encounters with viral pathogens. Here, we review the genetic, developmental, and environmental sources of NK cell diversity with a particular focus on deep profiling and single-cell technologies that will enable a more thorough and accurate dissection of this intricate and poorly understood lymphocyte lineage.
INTRODUCTION
NK cells are a diverse group of innate lymphoid cells (ILCs) that can coordinate and execute the rapid elimination of neoplastic and virusinfected cells. 1, 2 ILCs represent a group of largely tissue-resident common lymphoid progenitor-derived cells that do not express somatically recombined antigen-specific receptors. [3] [4] [5] [6] [7] ILCs are now recognized to play significant roles in immune homeostasis, and their characteristics and functions have been thoroughly reviewed elsewhere. 4, 5, 7 Here, we focus on "conventional" human NK cells, a subset of type I ILCs, which have been primarily evaluated in the blood.
NK cells were first identified in both mice and humans in the 1970s
on the basis of their ability to kill tumor cells without the requirement of prior priming. 8, 9 Primary functions of NK cells include production of IFN-and other cytokines, immunoregulation through the perforindependent elimination of activated leukocytes, and immunosurveillance through cytotoxicity against tumors or virus-infected cells. 2, 10, 11 These functions have intriguing clinical implications. For example, NK Abbreviations: CD, cluster of differentiation; CHIKV, Chikungunya virus; CyTOF, cytometry by time-of-flight; DNAM, DNAX accessory molecule; HBV, hepatitis B virus; HCMV, human CMV; HCV, hepatitis C virus; ILC, innate lymphoid cell; KIR, killer immunoglobulin-like receptor; LCL, lymphoblastoid cell line; LILRB1, leukocyte immunoglobulin-like receptor B1; MCMV, murine CMV; MIC, MHC class I-related protein; NCR, natural cytotoxicity receptor; NKR, NK cell receptor; PLZF, promyelocytic leukemia zinc finger protein; ULBP, UL16 binding protein cells may have protective roles in several autoimmune diseases by eliminating activated autoreactive lymphocytes. [12] [13] [14] [15] Further, higher NK cell cytotoxicity is protective against the development of cancer. 16 This latter finding, considered along with the ability of NK cells to eliminate their targets in rapid succession, has led to much interest in the development of NK cell-based cancer therapies, including adoptive NK cell therapy and pharmaceuticals that modulate the activity of NK receptors (NKRs). 17, 18 That NK cells play an important role in the control of early viral infection, particularly by herpesviruses, is evident from severe herpesvirus infections in exceedingly rare cases of primary NK cell deficiency, 19 as well as evidence of NK cell dysfunction in immunodeficiencies like X-linked lymphoproliferative disorder. [20] [21] [22] Evidence of strong antiviral responses by NK cells, combined with recent findings of memory-like responses by NK cells, has bolstered the argument that future vaccine development should seek to provide long-lasting NK cell immunity. 1, 23 In a sense, NK cells can be considered immune intermediaries, with both lifetimes and receptor-to-pathogen ratios between their adaptive lymphocyte and common myeloid progenitor-derived counterparts. 24 NK cells combine diversity, on the order of 10 4 subpopulations per person, with repertoire flexibility, being capable of altering receptor expression on the timescale of cellular processes. 25 Neither the clinical consequences of this diversity nor the functional characteristics of individual NK cell subsets have been fully elucidated. A better understanding of how this diversity influences NK cell responses and how it can be modulated is necessary for the development of therapeutic strategies employing NK cells. Here, we review the various contexts of NK cell diversification, as well as recent findings and future directions in the deep profiling strategies needed to dissect the functions of this complex group of ILCs.
SINGLE-CELL DIVERSITY OF NK CELLS
Diversity is an essential characteristic of the immune system, as it must be prepared to respond to innumerable unknown pathogens.
Leukocyte diversity is most often attributed to adaptive lymphocytes, which express somatically rearranged antigen-specific receptors, generating on the order of 10 6 −10 8 distinct specificities per person. 26 NK cell diversity, on the other hand, is determined by the combinatorial expression of an array of germline-encoded inhibitory and activating receptors. While self-tolerance of individual T and B cells is ensured through selection on a single-cell surface receptor, the differential expression of NKRs necessitates a complex developmental process to ensure a tunable and self-tolerant NK cell repertoire. These processes are referred to as NK cell education, arming, or licensing and are reviewed extensively elsewhere. [27] [28] [29] [30] [31] On a population level, NK cell diversity at the protein expression level arises in three main fashions: genetic diversity of killer immunoglobulin-like receptors (KIRs), stochastic expression of KIRs, and differential expression of other NKRs. 32 Early studies of NK cell diversity relied on multicolor flow cytometry to profile NK cell KIR repertoires, 33-40 and a more comprehensive view has emerged recently by employing cytometry by time-of-flight (CyTOF). 41 CyTOF is a flow cytometry-based platform where, instead of labeling cells with fluorophore-conjugated antibodies, cells are labeled with heavy metal isotope-conjugated antibodies. This allows for the simultaneous assessment of ∼40 parameters with a mass cytometry readout without the need for compensation of spectral overlap. 42, 43 Although this technology vastly improves the number of markers evaluated, downsides include the inefficient capture of events, such that only ∼20% of live cells are captured as singlet events, and its slow speed. [42] [43] [44] Currently, inroads are being made to add a similar number of parameters to conventional flow cytometry platforms, but any high-dimensional analysis involves analytic complexity, often involving multiple parallel analytic techniques to ensure confidence in results obtained. 44 Recently, our group used CyTOF to evaluate 28 NKRs by CyTOF, identifying between 6000 and 30,000 distinct NK cell subsets per donor and >100,000 distinct subsets in the 22 donors studied by using a Boolean analysis of subsets based on yes/no expression patterns of the different receptors. 41 Additionally, our study utilized twin donors to demonstrate that inhibitory NKR diversity was more genetically controlled than activating NKR repertoires, which were under more environmental influence. 41 This diversity indicates that some subsets could be better tuned to detect certain types of infections or malignancies, based on NKR expression levels relative to ligand expression patterns during infection or malignancy. Although this raises interesting possibilities, there are several important caveats when interpreting these data. There are more NKRs that can be added to this marker panel, and increases in the number of markers evaluated could increase the number of distinct NK cell subsets detected. Further, although this study reveals a high degree of phenotypic diversity among human NK cells, this may not reflect the same degree of functional diversity. It will be important for future studies to evaluate functional markers as well to assess the relationship between phenotypic and functional diversity. Lastly, by interrogating proteomic diversity, this study only analyzes one metric of NK cell diversity. Other methods, including scRNA-seq and scATAC-seq, should be utilized to gain a more comprehensive understanding of NK cell diversity. This study, nonetheless, presents significant insight into the magnitude of NK cell repertoire diversity and provides a methodological foundation for future deep functional profiling of individual NK cell subsets. 64, 65 Below, we discuss the genetic and environmental factors that influence the combinatorial expression of various NKRs. These findings are summarized in Fig. 1. 75, 76 The process that renders NK cells responsive to "missing self" involves functional calibration to self-HLA, and is called education, licensing, or arming. 27-31 Interestingly, recent data suggest that NK cells can also be educated through CD94/NKG2A, and that this form of education results in higher phenotypic diversity, IFN-production, and cytotoxic capacity. 77 Despite the apparently stochastic nature of KIR expression during 
MECHANISMS OF NK

KIR diversity and NK cell education
C-type lectin receptors
NK cells express several members of the NKG2 C-type lectin receptor family. NKG2A and NKG2C form heterodimers with CD94 and bind the nonclassical HLA molecule HLA-E. 72, 111 NKG2A is an inhibitory receptor, whereas NKG2C is an activating receptor; similar to the role of inhibitory and activating KIR binding the same HLA ligand, the role of HLA-E inducing two ostensibly contradictory signaling pathways remains unclear. [112] [113] [114] [115] [116] However, NKG2C and NKG2A are rarely coexpressed on CD56 dim NK cells, suggesting that the contradictory functions of NKG2A-and NKG2C-expressing NK populations may promote immune balance. 60, 117 Recognition of HLA-E expression through NKG2A/C is thought to be a secondary mechanism by which NK cells can monitor expression of classical HLA class I molecules, as HLA-E binds peptides derived from the leader sequence of classical HLA class I molecules. 118 NKG2A is expressed on all CD56 bright NK cells and is gradually lost during ostensible differentiation to CD56 dim NK cells. 117, 119 NKG2D is an activating receptor that is more distantly related to the NKG2 family, forms a homodimer, and is reported to bind several ligands, including MICA, MICB, and ULBP1-6. [120] [121] [122] As expression of these and other putative NKG2D ligands is associated with DNA damage, cellular stress, and malignant transformation, [123] [124] [125] [126] NKG2D is a critical NKR in the control of tumorigenesis. [127] [128] [129] Among the most dramatic and well-studied virus-induced NK cell expansions is that of NKG2C + NK cells in HCMV infection. 
Natural cytotoxicity receptors
NK diversification and epigenetic reprogramming
Although the NK cell repertoire is remarkably malleable and influ- 
HOW DOES IMMUNE EXPERIENCE DIVERSIFY NK CELLS?
Although the virus-induced shifts in expression of particular NKRs have been fairly well characterized, the impact on NK repertoire diversity and the nature of the NK diversification process remain poorly understood. Although there are many methods to assess diversity, the Inverse Simpson Index is commonly used to quantify the diversity of leukocytes as well as the microbiome, in part because it does not require normally distributed data. 41 It measures two metrics of a sample to quantify diversity: richness, the number of individual subpopulations per sample, and evenness, the degree to which each subpopulation is represented in the sample. In theory, education, differentiation, and maturation of NK cells should all serve to increase NK repertoire diversity, because all three processes result in the expression of previously un-expressed NKRs (including KIRs, CD57, and CD94/NKG2C), thereby increasing repertoire richness. However, if a lymphocyte undergoes a clonal expansion in response to a particular pathogen, the diversity of that lymphocyte class should decrease by the Inverse Simpson Index, because evenness is decreasing with no apparent change in richness. There is evidence that viruses other than HCMV, like EBV, HIV, and CHIKV, induce clonal-like expansions of NK cells from a well-differentiated NK cell repertoire. 81, [84] [85] [86] 193 Thus, exposure of a mature NK cell repertoire to these viruses might be expected to decrease NK cell diversity. 65 There are suggestions that this is not the case. First, NK cell diversity increases with age. Although differences in the structure of the human NK cell repertoire between cord blood and adult peripheral blood are largely limited to maturity-related markers like CD57 and NKG2A, 194 NK cell diversity is higher in adult peripheral blood than in cord blood. 188 NK cell diversification with age could be a physio- 
IMPORTANCE OF NK CELL DIVERSITY IN HEALTH AND DISEASE: LESSONS LEARNED FROM DEEP PROFILING
It is appreciated that NK cells have critical roles in the control of early viral infection and malignant transformation, 1, 2, 10, 24, 195 and the importance of functional specialization of the major NK cell subsets in human health and disease is also well characterized. 132, 196 To our knowledge, only one study to date has examined how NK cell repertoire diversity impacts viral susceptibility. This study, performed by our research group, used CyTOF to demonstrate, surprisingly, that NK cell diversity correlated positively with risk of HIV-1 acquisition in a cohort of Kenyan women. 188 Risk of HIV-1 acquisition was correlated neither with CD4 or CD8 T cell diversity nor with expression of specific NK cell receptors. These results are counterintuitive, as lymphocyte diversity is conventionally considered to be beneficial by allowing lymphocytes to recognize and respond to a greater breadth of potential novel pathogens. There are two notable caveats to this study: its data are generated from a small cohort (HIV-1 acquisition, n = 13; matched controls, n = 23) and diversity may be a confounder that correlates with some unidentified metric that itself represents the link to increased viral susceptibility.
The caveats notwithstanding, one way to explain the paradox presented by this study is to posit that NK repertoire diversity is inversely related to repertoire flexibility. Therefore, greater NK cell diversification could impair the ability of the repertoire to respond to and control a novel pathogen, thereby increasing viral susceptibil- better dissect NK cell diversity. 41, 109, 143, 188, 198, 199 Single-cell resolution deep sequencing and proteomics methods will also facilitate further complex interrogation. 200 These methods should provide a deeply needed understanding of the links between NK cell phenotype and functional capacity that will be essential for future NK cell-based therapeutic developments. 
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